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Experiments with young Japanese quail were conducted to determine whether com-
bined moderate deficiencies of zinc, iron and copper would cause greater uptake and
tissue retention ofcadmium than the single deficiencies. Birds were fed the experimental
diets containing 62 ppb cadmium from hatching to 16 days of age. On day 9 each bird
received a dose of 1O9CdC12 in its diet. On day 10, the duodenal and jejunal-ileal tissues
contained large amounts of cadmium, and there were many significant effects of treat-
ment on cadmium-109 retention in the livers and kidneys. At day 16, zinc deficiency
causedincreased cadmiumintheliver, whereas iron andcopperdeficiencies each caused
increased cadmium in the kidneys. Combined deficiencies had little or no greater effect
than single deficiencies and in some cases the combined effect was less than that of a
single deficiency.
Introduction
For the average person who is not exposed to
cadmium through environmental pollution or in-
dustrial exposure, the principal source of cad-
mium intake is food. The amount ofthis cadmium
that is absorbed may be influenced by the form in
the diet, the nutrient content ofthe diet, and the
nutritional status of the individual. The major
nutrients that interact with cadmium are zinc,
iron, copper, selenium, calcium, vitamin D, ascor-
bic acid, and protein. In general, intakes of the
nutrients below and above requirements have
been associated with tissue levels or toxicity of
cadmium that were increased and decreased, re-
spectively. These areas have recently been re-
viewed (1-3).
The kidney is well established as the principal
target organ for cadmium accumulation and dam-
age (4). The liver and other tissues also accumu-
late cadmium and some of this slowly moves to
the kidney. In the present study we addressed the
question ofwhether combined deficiencies ofzinc,
iron and copper would have greater effects than
single deficiencies on tissue accumulation ofcad-
*Division of Nutrition, Food and Drug Administration,
Washington, DC 20204.
mium from diets containing 62 ppb cadmium, a
level representative ofdiets in the United States.
Experimental Procedures
Day-old Japanese quail (Coturnix coturnix ja-
ponica) ofboth sexes from our stock colony were
housed in continuously lighted, suspended stain-
less steel cages. The incandescent light bulbs
provided heat. Environmental trace element con-
tamination was minimized, and birds received
diet anddeionizeddrinkingwateradlibitum. The
birds were wing-banded at 7 days ofage. Control
birds received a purified casein-gelatin diet with
20 ppm zinc, 100 ppm iron, 2.5 ppm manganese,
1.5 ppm copper and 300 ppm magnesium, which
are required levels for this diet (5). Experimental
groups received the same diet except that zinc
and copper salts were omitted and iron was de-
creased to 25 ppm. The deficient diets contained
11 ppm zinc and 0.9 ppm copper, supplied primar-
ily by the vitamin-free casein. Birds received the
control diet and diets deficient in each element
singly and in all possible combinations, a total of
eight treatments. All diets contained a total of62
ppb cadmium supplied as CdCl2 (5). The back-
ground level ofcadmium was negligible.
Fifteen birds were fed each diet from hatching.
Birds were weighed at 7, 10, 14, and 16 days ofage. On day 7, birds fed each diet were redistrib-
uted into two groups of six each so that body
weight ranges and means of both groups were
similar. Birds at the body weight extremes were
discarded. On day 9 each bird received a com-
pressed tablet ofits diet (ca. 80-100 mg) with ca.
3.4 gCi of accelerator-produced, carrier-free
109CdCl2 (New England Nuclear Corp., Boston,
MA) added (6). The birds were not fasted before
dosing, and the schedule permitted the six birds
in one group fed each diet to be killed after 24 hr,
on day 10. The remaining birds were killed at 16
day, 7 days after dosing.
On days 9 and 15, hemoglobin was determined
and feather scores (quality and quantity) and
feather pigment scores were recorded. Scores of0,
0.5 (minimal adverse effect), 1, 2, 3 and 4 (maxi-
mal effect) were defined for each defect. Unfasted
birds were killed by decapitation, and the duode-
num, jejunum-ileum, liver, and kidneys were re-
moved. All tissues except the kidneys were
washed in 0.75% NaCl solution and blotted dry.
Tissues were weighed, solubilized in nitric acid
for determination of radioactivity, and digested
with nitric andperchloric acids formineral analy-
sis (6). Radioactivity was measured in a NaI(Tl)
crystal scintillation detector (Model 5285, Pack-
ard Instruments, Des Plaines, IL). Radioactivity
was quantitated in eachtabletprior to dosing and
for 10 reference tablets in the original form and
as solubilized in nitric acid to permit corrections
between the two physical forms. Zinc, iron, man-
ganese, copper, magnesium and calcium in
dietary components and tissues and cadmium in
the dietary CdCl2 premix were determined by
atomic absorption spectrophotometry (Model
5000, Perkin-Elmer Corp., Norwalk, CT). A repli-
cationofthefirstexperiment was carried outwith
the same lots of all dietary components. The ef-
fects of treatment were evaluated by analysis of
variance and Duncan's multiple range test. The
scores were evaluated by the Wilcoxon signed
rank test. The relationships between ratios of
experimental/control cadmium values for the je-
junum-ileum and kidney from this and other ex-
periments were evaluated by correlation and
multiple regression analysis. Calculations and
statistical tests were performed by the computer
programs ofthe Statistical Analysis System (SAS
Institute, Inc., Cary, NC).
Results
Effects ofDeficient Diets on
Physiological Responses
It is difficult to make comparisons for degree of
deficiency for different nutrients; however, the
severity ofdeficiencies in this study were mild to
moderate (Table 1). Some mortality occurred dur-
ing week 1 in the triply-deficient birds in the
second experiment. The remaining birds, which
were similar to birds in the first experiment, were
assigned to the group killed at day 16. Otherwise,
the responses of birds in both experiments were
similar and the data were pooled for statistical
analysis.
Table 1. Physiological responses indicative ofdeficiencies.a
Body weight, g Feather score, 0-4 White feather score, 0-4 Hemoglobin, g/dL
Deficiency 10 days 16 days 9 days 15 days 9 days 15 days 9 days 15 days
Zn 30 ± 0.8 47 ± 1.0 1.5 ± 0.3* 1.6 ± 0.3* 0 ± 0 0 ± 0 11 ± 0.3 13 ± 0.2
Fe 30 ± 0.6 48 ± 1.0 0.6 ± 0.1 0.6 ± 0.2 0 ± 0 0 ± 0 6 ± 0.2* 7 ± 0.2*
Cu 31 ± 0.8 52 ± 1.0 0.9 ± 0.2 0.8 ± 0.1* 0.3 ± 0.2 1.4 ± 0.3* 10 ± 0.3 13 ± 0.3
Zn Fe 29 ± 0.7* 47 ± 0.9 1.9 ± 0.4* 2.3 ± 0.4* 0 ± 0 0 ± 0 7 ± 0.2* 8 ± 0.2*
Zn Cu 30 ± 1.0 48 ± 1.4 2.6 ± 0.3* 3.0 ± 0.3* 0.1 ± 0.1 1.8 ± 0.4* 11 ± 0.5 12 ± 0.2
Fe Cu 29 ± 1.0* 44 ± 1.5* 1.1 ± 0.2* 1.0 ± 0.3* 0.5 ± 0.2 1.7 ± 0.3* 6 ± 0.3* 6 ± 0.3*
Zn Fe Cu 25 ± 0.9* 41 ± 1.0* 3.7 ± 0.2* 3.2 ± 0.3* 0 ± 0 0.9 ± 0.2* 6 ± 0.6* 7 ± 0.2*
None 32 ± 0.8 49 ± 1.6 0.4 ± 0.1 0.4 ± 0.2 0 ± 0 0 ± 0 11 ± 0.3 12 ± 0.3
Multiple analysis ofvariance,pb
Zn <0.01 <0.01 NS <0.001
Fe 0.0001 0.0001 - 0.0001 0.0001
Cu <0.01 <0.05 NS <0.01
Zn Fe NS NS - NS <0.02
ZnCu NS NS NS NS
FeCu NS <0.001 NS NS
ZnFe Cu NS NS - NS NS
aMean values ± SE;N = 11 or 12 except 6 fortriple deficiency, day 10.
bNS = nonsignificant; - = no comparisons.
*Significantly different from control (no deficiency), p < 0.05.
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Table 2. Weight and cadmium-109 retention ofthe duodenum.a
Weight, mg 109Cd retention, %
Deficiency 10 days 16 days 10 days 16days
Zn 397 ± 16 461 ± 41* 29 ± 2.1 6.0 ± 1.2*
Fe 364 ± 12 487 ± 22* 32 ± 2.1 7.6 ± 0.9*
Cu 415 ± 16 622 ± 31 21 ± 3.0 1.4 ± 0.2
Zn Fe 340 ± 17 469 ± 24* 32 ± 3.0 9.4 ± 1.2*
Zn Cu 397 ± 18 567 ± 21 31 ± 2.2 3.2 ± 0.5
Fe Cu 341 ± 18 513 ± 30 35 ± 3.0 6.8 ± 1.1*
Zn Fe Cu 351 ± 24 453 ± 21* 43 ± 5.1* 6.3 ± 0.4*
None 383 ± 14 590 ± 29 29 ± 3.5 1.0 ± 0.2
Multiple analysis ofvariance, pb
Zn NS <0.001 <0.05 <0.0001
Fe 0.0001 0.0001 <0.001 <0.0001
Cu NS NS NS <0.01
Zn Fe NS NS NS <0.02
Zn Cu NS NS <0.05 <0.02
FeCu NS NS <0.02 NS
ZnFeCu NS NS NS NS
aMean values ± SE; N = 11 or 12 except 6 for triple deficiency, day 10.
bNS = nonsignificant.
*Significantly different from control,p < 0.05.
Table 3. Weight and cadmium-109 retention ofthejejunum-ileum.a
Weight, mg 109Cd retention, %
Deficiency 10 days 16 days 10 days 16 days
Zn 462 ± 20 598 ± 35 16 ± 1.6 5.5 ± 0.86*
Fe 444 ± 25 631 ± 23 8 ± 1.3* 2.3 ± 0.40
Cu 475 ± 18 664 ± 30 8 ± 1.0* 0.9 ± 0.15
Zn Fe 522 ± 18 701 ± 26 17 ± 2.2 7.2 ± 0.83*
Zn Cu 515 ± 26 732 ± 23 18 ± 1.2* 5.0 ± 0.89*
Fe Cu 467 ± 26 626 ± 32 12 ± 1.7 1.8 ± 0.36
ZnFeCu 512 ± 19 693 ± 34 21 ± 1.3* 6.4 ± 0.60*
None 496 ± 30 653 ± 33 13 ± 1.0 0.7 ± 0.11
Multiple analysis ofvariance, pb
Zn NS NS 0.0001 0.0001
Fe NS NS NS <0.002
Cu NS NS NS NS
ZnFe NS NS NS NS
ZnCu NS NS NS NS
Fe Cu NS NS <0.01 NS
ZnFe Cu NS NS NS NS
aMean values ± SE; N = 11 or 12 except 6 for triple deficiency, day 10.
bNS = nonsignificant.
*Significantly different from control,p < 0.05.
The defective feathering that is characteristic
of zinc deficiency occurred in all zinc-deficient
groups, with similar severity at 9 and 16 days.
Significant absence of feather pigment, a copper
deficiency sign previously shown in quail (7), oc-
curred only in birds that were copper deficient.
This effect was definite only at 16 days. Hemoglo-
bin was significantly decreased only in birds fed
the iron-deficient diets. The interactions among
treatments that are shown by the multiple analy-
sis ofvariance in this and subsequent tables will
be considered later.
The tissue weights are presented in Tables 2, 3,
4 and 5. More significant decreases occurred in
tissue weights than in body weight; however,
there were fewer differences from the control
groups when tissue weight was related to body
weight (data not shown). The exception was the
jejunum-ileum, for which treatments caused no
changes in absolute weight.
59Table 4. Weight and cadmium-109 retention ofthe liver.a
Weight, g l09Cd retention, %
Deficiency 10 days 16 days 10 days 16 days
Zn 1.2 ± 0.05 1.6 ± 0.09* 0.23 ± 0.02* 0.57 ± 0.04*
Fe 1.1 ± 0.04* 1.5 ± 0.04* 0.15 ± 0.01 0.35 ± 0.04
Cu 1.2 ± 0.05 1.8 ± 0.07 0.23 ± 0.03* 0.30 ± 0.02
Zn Fe 1.1 ± 0.03* 1.5 ± 0.05* 0.17 ± 0.01 0.57 ± 0.04*
Zn Cu 1.3 ± 0.05 1.7 ± 0.05 0.20 ± 0.01* 0.46 ± 0.04
Fe Cu 1.1 ± 0.04* 1.4 ± 0.08* 0.12 ± 0.01 0.26 ± 0.02*
Zn Fe Cu 1.0 ± 0.04* 1.4 ± 0.04* 0.16 ± 0.04 0.43 ± 0.03
None 1.3 ± 0.05 1.9 ± 0.12 0.11 ± 0.00 0.37 ± 0.03
Multiple analysis ofvariance, pb
Zn NS NS <0.01 0.0001
Fe 0.0001 0.0001 <0.002 NS
Cu NS NS NS 0.0001
ZnFe NS NS NS NS
Zn Cu NS NS <0.05 NS
Fe Cu NS NS <0.02 NS
Zn Fe Cu NS NS <0.001 NS
aMean values ± SE; N = 11 or 12 except 6 for triple deficiency, day 10.
bNS = nonsignificant.
*Significantly different from control,p < 0.05.
Table 5. Weight and cadmium-109 retention ofthe kidneys.a
Weight, mg 109Cd retention, %
Deficiency 10 days 16 days 10 days 16days
Zn 336 ± 12 476 ± 33 0.11 ± 0.01 0.40 ± 0.02
Fe 333 ± 12* 543 ± 20 0.18 ± 0.02* 0.67 ± 0.05*
Cu 337 ± 10 583 ± 20 0.17 ± 0.01* 0.60 ± 0.04*
Zn Fe 328 ± 22* 534 ± 17 0.11 ± 0.01 0.56 ± 0.05*
Zn Cu 357 ± 14 536 ± 24 0.13 ± 0.01* 0.50 ± 0.04
Fe Cu 327 ± 13* 497 ± 25 0.16 ± 0.01* 0.71 ± 0.08*
Zn Fe Cu 323 ± 22* 464 ± 18* 0.17 ± 0.02* 0.62 ± 0.04*
None 383 ± 18 549 ± 26 0.09 ± 0.01 0.41 ± 0.04
Multiple analysis ofvariance,pb
Zn NS <0.01 <0.05 <0.02
Fe <0.01 NS <0.002 0.001
Cu NS NS 0.0001 <0.01
ZnFe NS NS NS NS
ZnCu NS NS NS NS
Fe Cu NS <0.002 NS NS
Zn Fe Cu NS NS <0.001 NS
aMean values + SE; N = 11 or 12 except 6 for triple deficiency, day 10.
bNS = nonsignificant.
*Significantly different from control,p < 0.05.
Effects ofDeficient Diets on
Cadmium Retention and Essential
Mineral Levels
The retention ofcadmium-109 in the duodenum
at 10 days was increased only in the triply-defi-
cient birds, whereas at 16 days most groups defi-
cient in zinc or iron had significantly more cad-
mium-109 than the control group (Table 2). This
contrasts markedly with the amounts ofessential
elements in the duodenum (Table 6). Many ofthe
deficiencies caused decreases ofzinc, iron, copper
and calcium at 10 days. Most of the effects re-
mained at 16 days except for calcium. At 16 days,
simple zinc deficiency was associatedwithnormal
duodenal zinc but with increased iron, copper and
calcium, as compared with the controls.
Cadmium-109 retention in the jejunum-ileum
was reduced by single deficiencies of iron and
copper at 10 days but increased by zinc-copper
and zinc-iron-copper deficiencies (Table 3). The
latter two effects persisted at 16 days, at which
time there was also increased cadmium-109 re-
tention with deficiencies ofzinc and zinc-iron. The
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Table 6. Zinc, iron, copper and calcium in the duodenum.a
Zn, ppm Fe, ppm Cu, ppm Ca, ppm
Deficiency 10 days 16 days 10 days 16 days 10 days 16 days 10 days 16 days
Zn 25 ± 0.5* 32 ± 3.2 64 ± 8.4 120 ± 20.0* 2.4 ± 0.13 2.9 ± 0.29* 150 ± 7 159 ± 10
Fe 35 ± 1.3 32 ± 1.1 15 ± 0.3* 16 ± 0.3* 1.7 ± 0.10* 1.9 ± 0.05* 116 ± 12* 125 ± 13
Cu 34 ± 1.6 34 ± 1.2 39 ± 3.4* 76 ± 9.1 1.4 ± 0.06* 1.4 ± 0.05* 135 ± 12* 144 ± 9
ZnFe 24 ± 0.7* 25 ± 0.4* 15 ± 0.5* 15 ± 0.3* 2.0 ± 0.05* 2.1 ± 0.08 107 ± 8* 121 ± 9
Zn Cu 23 ± 0.5* 23 ± 0.4* 40 ± 4.0* 75 ± 9.1 1.4 ± 0.05* 1.3 ± 0.08* 122 ± 10* 137 ± 14
Fe Cu 35 ± 1.4 34 ± 1.6 19 ± 0.6* 18 ± 0.8* 1.3 ± 0.06* 1.1 ± 0.04* 130 ± 14* 114 ± 9
Zn Fe Cu 23 ± 1.0* 26 ± 0.7* 20 ± 2.8* 20 ± 1.4* 1.4 ± 0.05* 1.3 ± 0.07* 107 ± 9* 107 ± 6
None 36 ± 2.3 35 ± 1.3 64 ± 11.4 87 ± 11.8 2.3 ± 0.10 2.2 ± 0.11 173 ± 15 144 ± 11
Multiple analysis ofvariance, pb
Zn <0.001 0.0001 NS NS <0.02 <0.005 NS NS
Fe NS NS 0.0001 0.0001 <0.01 0.0001 <0.001 <0.002
Cu NS NS <0.02 NS 0.0001 0.0001 NS NS
ZnFe NS NS NS NS NS NS NS NS
Zn Cu NS <0.02 NS NS NS <0.02 NS NS
Fe Cu NS <0.01 <0.001 <0.02 0.0001 <0.01 <0.02 NS
Zn Fe Cu NS <0.05 NS NS NS NS NS NS
aMean values ± SE; N = 11 or 12 except 6 for triple deficiency, day 10.
bNS = nonsignificant.
*Significantly different from control, p < 0.05.
Table 7. Zinc, iron, copper and calcium in thejejunum-ileum.a
Zn, ppm Fe, ppm Cu, ppm Ca, ppm
Deficiency 10 days 16 days 10 days 16 days 10 days 16 days 10 days 16 days
Zn 22 ± 0.4* 25 ± 1.9* 66 ± 4.8 92 ± 8.7* 1.8 ± 0.04 2.1 ± 0.19* 260 ± 26 189 ± 14*
Fe 26 ± 0.7 28 ± 1.2 24 ± 2.2* 16 ± 0.8* 1.8 ± 0.07 1.6 ± 0.08 205 ± 12 151 ± 12
Cu 26 ± 0.8 30 ± 1.2 40 ± 3.7* 34 ± 2.8 1.3 ± 0.04* 1.3 ± 0.05* 190 ± 13 120 ± 6
Zn Fe 21 ± 0.5* 19 ± 0.8* 23 ± 1.7* 22 ± 1.3* 1.7 ± 0.06 1.6 ± 0.08 228 ± 15 134 ± 6
Zn Cu 20 ± 0.5* 20 ± 0.6* 51 ± 2.6 70 ± 6.5* 1.3 ± 0.08* 1.1 ± 0.06* 207 ± 17 131 ± 11
Fe Cu 26 ± 1.1 29 ± 1.1 24 ± 1.6* 17 ± 0.8* 1.2 ± 0.06* 1.0 ± 0.03* 198 ± 14 154 ± 9
Zn Fe Cu 18 ± 0.9* 21 ± 0.3* 18 ± 1.9* 22 ± 0.8* 1.2 ± 0.08* 1.2 ± 0.02* 193 ± 2 156 ± 6
None 27 ± 1.2 31 ± 1.1 59 ± 6.3 42 ± 2.1 1.8 ± 0.06 1.8 ± 0.07 208 ± 16 144 ± 17
Multiple analysis ofvariance, pb
Zn 0.0001 0.0001 NS 0.0001 NS NS NS NS
Fe NS <0.01 0.0001 0.0001 NS <0.001 NS NS
Cu <0.05 NS <0.001 <0.02 0.0001 0.0001 <0.05 NS
Zn Fe NS NS <0.05 0.0001 NS NS NS <0.02
ZnCu NS NS NS NS NS NS NS NS
Fe Cu NS <0.01 <0.01 <0.01 NS NS NS <0.001
Zn Fe Cu NS NS NS NS NS <0.01 NS NS
aMean values ± SE; N = 11 or 12 except 6 for triple deficiency, day 10.
bNS = nonsignificant.
*Significantly different from control, p < 0.05.
highest cadmium retention occurred when zinc
was decreased in the diet. The concentration of
zinc in the jejunum-ileum was decreased at 10
and 16 days with all diets deficient in zinc (Table
7). Jejunal-ileal iron also was decreased by diets
deficient in iron; however, zinc deficiency caused
an increase in tissue iron at 16 days. Copper in
the jejunum-ileum was decreased at 10 and 16
days with all diets that were deficient in copper.
Zinc deficiency caused a significant increase in
copper at 16 days. The calcium content of the
jejunum-ileum was not affected by dietary treat-
ment except for an increase with zinc deficiency
at 16 days.
Compared with the controls, cadmium-109 re-
tention in the liver at 10 days was increased by
deficiencies of zinc, copper and zinc-copper,
whereas at 16 days, cadmium was increased by
deficiencies ofzinc and zinc-iron but decreased by
deficiency of iron-copper (Table 4). In the liver,
significant decreases in zinc concentrations oc-
curred at 16 days with deficiencies of iron, zinc-
61Table 8. Zinc, iron, manganese, copper and calcium in the liver.a
Zn, ppm Fe, ppm Mn, ppm Cu, ppm Ca, ppm
Deficiency 10 days 16 days 10 days 16 days 10 days 16 days 10 days 16 days 10 days 16 days
Zn 19 0.5 21 ± 1.3 120 ± 13* 103 ± 13* 2.1 ± 0.14 2.1 ± 0.21* 4.0 ± 0.27* 3.9 ± 0.27 44 5 33+ 2
Fe 19 1.0 19 ± 0.6* 35 ± 4* 32 ± 2* 1.5 ± 0.10 1.4 ± 0.09 3.2 ± 0.16 3.5 ± 0.17 70 13* 63 11*
Cu 19 0.4 20 ± 0.8 153 19 183 ± 13* 1.7 ± 0.19 1.9 ± 0.14 2.5 ± 0.13* 2.5 ± 0.14* 35 2 36± 4
ZnFe 19 0.5 18 ± 0.7* 34 1* 31 ± 1* 1.4 ± 0.10* 1.7 ± 0.15 3.4 ± 0.11 3.9 ± 0.16 99 8* 63± 8*
ZnCu 21 + 1.4 19 ± 0.6* 118 + 9* 162 ± 20 1.9 ± 0.13 2.0 ± 0.11 2.6 ± 0.14* 2.6 ± 0.16* 46 + 7 30 ± 0
Fe Cu 23 + 2.9 20 ± 0.6 44 + 3* 48 + 2* 1.4 ± 0.09* 1.2 ± 0.08* 2.1 + 0.10* 2.2 ± 0.21* 102 ± 15* 67 ± 8*
Zn FeCu 19 + 1.0 20 ± 1.1 63 + 12* 58 + 6* 1.2 ± 0.22* 1.5 + 0.14 2.6 + 0.08* 2.3 ± 0.10* 49 + 7 79 + 10*
None 21 1.2 22 ± 1.3 180 33 143 ± 24 1.9 ± 0.16 1.6 0.10 3.4 ± 0.19 3.6 0.06 34 1 33± 2
Multiple analysis ofvariance, pb
Zn NS NS NS NS NS <0.002 <0.01 <0.05 NS NS
Fe NS <0.05 0.0001 0.0001 0.0001 0.0001 <0.01 NS 0.0001 0.0001
Cu NS NS NS 0.0001 NS NS 0.0001 0.0001 NS NS
Zn Fe NS NS <0.02 NS NS NS NS NS NS NS
Zn Cu NS NS NS NS NS NS NS NS <0.01 NS
Fe Cu NS <0.01 NS NS NS NS NS NS NS NS
Zn Fe Cu NS NS NS NS NS NS NS NS <0.01 NS
aMean values ± SE; N = 11 or 12 except 6 fortripledeficiency, day 10. Control values forMg were 243 ± 5 ppm at 10days and 243 ± 5 ppm at 16
days; no values were significantly different from the control at 10 days; liver from birds with deficiencies of Zn, Fe Cu, and Zn Fe Cu were
significantly higher than the control at 16 days.
bNS = nonsignificant.
*Significantly different from control, p < 0.05.
Table 9. Zinc, iron, copper and calcium in the kidneys.a
Zn, ppm Fe, ppm Cu, ppm Ca, ppm
Deficiency 10 days 16 days 10 days 16 days 10 days 16 days 10 days 16 days
Zn 17 1.0 21 2.1 92 ± 6.4* 98 ± 7.2* 2.3 ± 0.26* 3.1 ± 0.31 109 ± 19 56 ± 6*
Fe 18 0.9 18 0.2 32 ± 3.1* 40 ± 3.6* 2.7 ± 0.10 2.5 ± 0.09 70 ± 8 52 ± 3*
Cu 17 0.9 18 0.4 61 ± 2.2 67 ± 3.5 2.0 ± 0.21* 2.0 ± 0.06* 72 ± 6 47 ± 2*
Zn Fe 18 0.8 18 0.3 32 ± 2.1* 41 ± 2.3* 2.9 ± 0.25 2.9 ± 0.09 88 ± 12 49 ± 2*
Zn Cu 18 ± 0.5 17 ± 0.4 92 ± 12.6* 81 ± 4.9 2.0 ± 0.09* 2.2 ± 0.14 70 ± 6 104 ± 31
FeCu 22 ± 1.3 20 ± 1.2 41 ± 5.0* 37 ± 2.2* 2.0 ± 0.14* 2.3 ± 0.15 144 ± 14* 52 ± 3*
Zn Fe Cu 16 ± 0.3 19 ± 1.0 33 ± 1.8* 38 ± 2.9* 2.1 ± 0.09* 2.4 ± 0.19 82 ± 14 60 ± 7*
None 19 ± 0.7 19 ± 0.6 61 ± 2.4 70 ± 4.0 2.9 ± 0.12 2.7 ± 0.12 75 ± 10 119 ± 26
Multiple analysis ofvariance, pb
Zn <0.01 NS <0.001 <0.001 NS <0.05 NS NS
Fe NS NS 0.0001 0.0001 NS NS NS <0.01
Cu NS NS NS <0.02 0.0001 0.0001 NS NS
Zn Fe NS NS 0.0001 <0.001 NS NS <0.05 NS
Zn Cu NS NS NS NS NS NS <0.001 <0.002
Fe Cu NS <0.01 NS NS NS NS <0.001 NS
Zn Fe Cu <0.001 NS NS NS NS NS NS <0.02
aMean values ± SE;N = 11 or 12 except 6 for triple deficiency, day 10. Control values for Mn were 1.15 ± 0.06 ppm at 10 days
and 1.24 ± 0.05 ppm at 16 days. No other values were significantly different from the respective controls. Control values for Mg
were 197 ± 6.7 ppm at 10 days and 211 ± 6.4 ppm at 16 days. No other values were significantly different from their respective
controls.
bNS = nonsignificant.
*Significantly different from control, p < 0.05.
iron and zinc-copper (Table 8). All treatments
except copper deficiency caused decreases in liver
iron as compared with controls. The same effects
were observed at 16 days except for an increase in
iron with copper deficiency and no effect of zinc-
copper deficiency. At 10 days, liver manganese
was decreased by all combined deficiencies in-
volving iron, whereas at 16 days only iron-copper
deficiencies decreased tissue manganese, and zinc
deficiency caused an increase in manganese.
Compared with controls liver copper was in-
creased at 10 days by zinc deficiency but de-
creased by all diets deficient in copper. Only the
latter effects occurred at 16 days. Calcium in the
liver was increased by all diets deficient in iron.
Increased retention ofcadmium-109 in the kid-
neys was observed with diets deficient in iron and
copper singly and in most other combinations
(Table 5). Zinc concentration in the kidney was
not affected except for an increase with deficien-
cies of iron-copper and a decrease with deficien-
cies of zinc-iron-copper at day 10 (Table 9). Zinc
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deficiency caused increased iron in the kidneys at
10 and 16 days, and zinc-copper deficiencies
caused increased iron at 10 days. All other defi-
cient diets except copper alone caused decreases
in tissue iron as compared with controls. Copper
concentrations in the kidneys were decreased by
copper deficiency alone or in combination with
zinc or iron at 10 days, whereas at 16 days only
the copper deficient diet caused decreased tissue
copper. Calcium in the kidneys was increased by
iron-copper deficiency at 10 days but was de-
creasedby all deficient diets except zinc-copper at
16 days.
Concentrations ofessential elements in the tis-
sues from control birds were similar at 10 and 16
days. The following changes in concentrations
occurred between 10 and 16 days: decreases in
jejunal-ileal iron (p < 0.05) and calcium (p <
0.02).
Effects on Cadmium Retention of
Combined Deficiencies Compared
with Single Deficiencies
These interactive effects of deficient elements
on cadmium were assessedbymultiple analysis of
variance (ANOVA) and by comparisons between
means for combined deficiencies with those for
eachsingle deficiency by Duncan'smultiple range
test. Statistically significant differences by the
latter (p < 0.05) are not shown in the tables. The
major effects only will be considered below. For
the duodenum, more effects of treatment at day
16 were shown by ANOVA than by Duncan's test
(Table 2). Zinc and iron deficiencies were respon-
sible for increased cadmium retention; however,
retention with zinc-iron deficiency was not
greater than with iron alone. Retention of cad-
mium with zinc-copper deficiency was less than
with zinc deficiency alone. Atday 10, the effects of
iron and copper deficiencies in decreasingjejunal-
ileal cadmium were negated when combined with
zinc deficiency. At day 16, zinc was the dominant
factor increasing cadmium retention.
Several interactions between the essential ele-
ment deficiencies affected cadmium retention in
the liver at 10 days ofage (Table 4). Most ofthese
had disappeared by 16 days, when zinc was the
predominant deficiency that increased cadmium.
The combined deficiencies ofzinc-copper and zinc-
iron-copper resulted in cadmium retention that
was less than with zinc deficiency alone.
By ANOVA the only significant interaction af-
fecting cadmium in the kidney was between zinc,
iron, and copper at 10 days (Table 5). The com-
bined deficiencies ofzinc-iron and zinc-copper re-
sulted in cadmium retention that was signifi-
cantly less than with iron and copper deficiencies,
respectively. The combined deficiencies of iron
andcopperhadno greatereffecton cadmiumthan
either deficiency alone. These interactions were
not present at 16 days. Although cadmium reten-
tion was not different from the control with zinc
deficiency alone, there was a significant effect of
zinc by ANOVA at both 10 and 16 days (Table 5).
This apparent protection of the kidney against
cadmium accumulation by zinc deficiency is prob-
ably not important when the effects of zinc defi-
ciency in increasing cadmium in the liver are
considered. The liver cadmium wouldbe expected
to move to the kidney.
Discussion
The major conclusions to be drawn from these
data are that zinc deficiency caused an increase of
cadmium in the liver and that deficiencies of
either copper or iron caused increased cadmium
retention in the kidneys. The combined deficien-
cies did not produce additive effects on cadmium
retention. In some cases the effect of combined
deficiencies was less than that of a single defi-
ciency, e.g., zinc-iron and zinc-copper deficiencies
resulted in lower kidney cadmium than single
deficiencies ofiron and copper, respectively.
There were several significant effects ofexperi-
mentaltreatments onvarious measurementsthat
do not appear to be related either directly or
indirectly to cadmium retention. Examples in-
clude the increased iron concentrations in some
zinc-deficient tissues and increased calcium in
iron-deficient livers. Such effects might be rele-
vantto cadmium retentionunderdifferentexperi-
mental conditions; however, theywill be excluded
from detailed discussion here.
In a further attempt to interpret the data, cor-
relation coefficients were calculated for tissue
mineral levels for all groups at 10 days versus
tissue cadmium retention at 10 and at 16 days
and tissue mineral at 16 days versus tissue cad-
mium at 16days. The latterprovidedmore signifi-
cant correlations; some ofthese data are shown in
Table 10. These data in many cases reaffirm ef-
fects already presented, such as the relationship
between jejunal-ileal cadmium and liver cad-
mium, an effect ascribable primarily to zinc defi-
ciency (Tables 3 and 4). Other relationships, such
as those between liver manganese and liver and
kidney cadmium, are not otherwise apparent.
The small intestine is probably the principal
site at which the elemental deficiencies affect
cadmium uptake and retention. The extent to
63Table 10. Correlation between tissue element concentrations at 16 days and tissue cadmium retention at 16 days.
ra
Tissue Element Duodenum Jejunum-ileum Liver Kidneys
Duodenum Zn -0.210t -0.386* -0.312t NS
Fe -0.376 NS NS -0.460*
Cu NS NS 0.387* -0.348*
Cd 1.000* 0.590* 0.398* 0.341*
Jejunum-ileum Zn -0.551* -0.416* NS
Fe NS 0.265t -0.467*
Cu NS 0.312t -0.325t
Ca NS 0.233t NS
Cd 1.000* 0.707* NS




Kidneys Fe 0.228t -0.384*
Cu 0.3361 NS
aThere were no significant correlation coefficients fortissue elements and tissue Cd as follows: duodenal Ca; liverZn, Mg and Ca;




Table 11. Cadmium-109 retention in the duodenum plusjejunum-ileum and liver plus kidneys with projected increases
in the liver plus kidneys between days 16 and 22.a
lO9Cd retention, % Projected: liver +
______________ ______________ ______________ __________ _r ikidneys
Duodenum + jejunum-ileum Liver + kidneys Increase Total
Deficiency 10 days 16 days 10 days 16 days 16-22 days 22 days
Zn 45 ± 3 11.5 ± 2.0* 0.34 ± 0.03* 0.97 ± 0.04 0.22 1.19
Fe 40 ± 3 9.9 ± 1.1* 0.33 ± 0.03* 1.02 ± 0.08* 0.23 1.25
Cu 29 ± 3* 2.3 ± 0.4 0.40 ± 0.05* 0.90 ± 0.05 0.04 0.94
Zn Fe 49 ± 4 16.6 ± 1.8* 0.28 ± 0.01 1.13 ± 0.07* 0.44 1.57
Zn Cu 49 ± 3 8.2 ± 1.3* 0.33 ± 0.03* 0.96 ± 0.07 0.13 1.09
Fe Cu 47 ± 4 8.6 ± 1.4* 0.28 ± 0.02 0.97 ± 0.09* 0.15 1.12
Zn Fe Cu 64 ± 5* 12.7 ± 0.8* 0.33 ± 0.06* 1.05 ± 0.06* 0.18 1.23
None 42 + 4 1.7 ± 0.2 0.20 ± 0.01 0.78 ± 0.06 0.02 0.80
Multiple analysis ofvariance, pb
Zn 0.0001 0.0001 NS <0.05
Fe <0.001 0.0001 NS <0.01
Cu NS <0.05 NS NS
ZnFe NS NS NS NS
Zn Cu <0.02 NS NS NS
Fe Cu <0.01 NS <0.01 NS
Zn Fe Cu NS NS <0.001 NS
aMean values ± SE for measured values. Projected values were calculated from means.
bNS = nonsignificant; - = no comparisons.
*Significantly different from control, p < 0.05.
which intestinal tissue concentrations represent
thedynamictransport processes or eventhe over-
all absorption is not known. In the cases of the
essential elements, there were decreases of each
element in both the duodenum and jejunum-il-
eum with each deficiency at 10 and 16 days,
exceptforzinc at 16days. Ifcadmiumbinds to the
same ligands as the essential elements, each defi-
ciency may provide a greater opportunity for cad-
miumbinding. Suchligandswouldincludemetal-
lothionein in the case of zinc and copper and
ferritin in the case of iron. The mechanism(s)
controlling cadmium absorption under these con-
ditions may not be element-specific. The absence
ofadditive effects with combined deficiencies sup-
ports this possibility.
64 FOXETAL.DIETARY METALS AND TISSUE CADMIUM 65
The mechanisms of zinc absorption (8,9) and
the interactions ofcadmium andcopper atthe site
ofintestinal absorption have been reviewed (10).
In almost all studies ofcadmium metabolism and
interactions with other elements, the amounts of
cadmium have been two or more orders ofmagni-
tude in excess oftypical human intake (ca. 50 pg/
day); however, such a low level was used in this
study. Recent studies on the role oftransferrin in
iron absorption (11) and a high molecular weight
plasma protein that binds copper in the early
phases of copper absorption (12) provide addi-
tional pathways for investigation ofcadmium in-
teraction with each ofthese elements.
In an earlier experiment with Japanese quail,
whole body retention of cadmium-115m was fol-
lowed for 50 days (13). The rapid phase of cad-
mium loss took approximately 2 weeks. A supple-
ment ofzinc, copper and manganese, at levels in
excess ofrequirement, which decreasedcadmium-
115m retention, produced an effect at 1 week that
was similar to that at 2 weeks. From these data
we have assumed that a maximal effect of a
dietary treatment would be present 7 days after
administration ofa labeled cadmium dose. In the
present study, most of the cadmium-109 had
cleared the small intestine at 16 days (7 days
after dosing); however, very large proportions of
cadmium still remained in birds fed some of the
deficient diets (Table 11). Based on the cadmium
loss for the duodenum plus jejunum-ileum and
the uptake by the liver and kidney between 10
and 16 days, projected liver and kidney increases
during the next 6 days make it appear likely that
by 22 days the liver and/or kidney cadmium of
experimental groups would differ still more from
the control group. It is not known where this
cadmium was localized within the intestinal tis-
sue and whether it would be ultimately trans-
ported to the liver and kidneys or lost into the
intestine during cellular desquamation.
We thank Mildred Johnson and Candelia Fletcher for excel-
lent technical assistance andJames E. Etherith for care ofthe
birds.
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